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Department  of  the  Navy  Office  of  Naval  Research 

Underwater  Sound  Reference  Laboratory 

P.  O.  Box  8337  Orlando,  Florida 


The  theory  fbr  obtAlalal  ftee-fleld  eeaeltivltlee  and 
tmamittlntf  re^ooees  of  llae  or  pletoa-tjrpe  traneduoors 
Aram  oeer-fleld  date  and  the  eqtiatloBs  Hor  obtelxiing  the 
directivity,  trananlttlng  or  receiving,  from  near-fleld 
date  are  derived.  The  set-vp  nd  adjuetamnt  of  the 
Sclentlflc-Atlanta  Cozporatloo  type  (74  Fourier  Integral 
Coaster  for  ooaputlng  the  data  are  described  and  the 
data  that  nuat  be  obtained  are  Hated. 
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LETTER  SYteOLS 


fQ  radius  of  a  circular  piston,  or  half  the  length  of  the  side  of  a  square 

piston  source 

*  =  27rA,  where  \  is  the  wavelength  of  the  sound 

L  length  of  a  line  source 

free-field  voltage  sensitivity  of  a  piston  transducer 

Sp  plane-wave  neai'-field  transmitting  current  re^nse  of  a  piston  transducer 

5(jp  spherical-wave  far-field  transmitting  current  response  of  a  piston 

transducer 

free-field  voltage  sensitivity  of  a  ],ine  transducer 

cylindrical-wave  near-field  transmitting  current  response  of  a  line 
transducer 

5^  spherical-wave  far-field  transmitting  current  response  of  a  line  transducer 

free-field  voltage  sensitivity  of  the  measuring  transducer 

Sp  spherical-wave  far-field  traiismitting  current  response  of  the  measuri-ig 

transducer 

iV 

a  reference  distance  fbr  Sp  or  S(^£,  the  distance  from  the  piston  to  the  plane 

aperture  or  the  distance  from  the  line  transducer  to  the  line  aperture  in 
measurements  of  the  near-field  of  a  line  transducer 

d  reference  distance  fbr  or  S^,  generally  l  meter 

Jp(a)  =  2A/pc,  the  plane-wave  reciprocity  paraneter  for  a  piston  transducer  of 
area  A 

-  2dK/pc,  the  spherical-wave  reciprocity  parameter 

Jqi  -  2i((aX)^//CC,  the  cylindrical-wave  reclijiiocity  parameter  fbr  a  line 

transducer  of  length  L 

Ep,Ep,E^  open-ciroiit  voltage  of  the  measuring  transducer,  piston,  aiid  line 
transducer,  respectively 


Ip,  Ip,  I driving  current 

xj/  phMe  between  open-circuit  voltage  of  a  receiving  transducer  and  the 

driving  current  of  a  source  transducer  in  an,  measurement  combination 
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TKANSDUCER  CALIBRATION  FROM  NEAR -FIELD  DATA 


INTRODUCTION 


nie  near  eound  field  of  a  directional  piston  source  is  nondiver^nt  and  the  vtm 
is  essentially  plane.  The  wave  impedance  is  pc  for  values  of  kr^  >  5,  tdiere  k  =  Sfr/k 

and  rQ  is  the  radius  of  a  circular  piston,  half  the  length  of  a  side  for  a  square 

piston,  or  half  the  width  of  a  rectangular  piston.  In  this  region,  the  plane-wave 
reciprocity  paraaeter  is  applicable  to  calculations  based  on  the  average  pressure 
over  a  plane  aperture.  The  theory  and  application  of  the  plane-wave  reciprocity 
paraaieter  have  been  described  by  Slmaacns  and  thrick  [ll. 

The  wave  in  the  near  field  of  a  line  transd\a»r  is  cylindrical,  and  the  restriction 
on  the  line  length  is  similar  to  that  for  the  plane  wave:  k(L/Z)  >  S,  where  L  is  the 
length  of  the  line.  In  this  region,  the  cylindrical-wave  reciprocity  pau'aneter  is 
^licable  to  calculations  based  on  the  average  pressure  along  a  line  aperture  paral¬ 
lel  to  the  transducer.  Bobber  and  Sabin  [2]  have  described  the  theory  and  applica^ 
tion  of  the  cylindrlcal^watve  reciprocity  parameter. 

Stenzel  [3]  shows  the  radiation  Impedance  for  a  circular  and  a  square  piston  as  a 
faaetlon  of  krQ,  The  minimum  line  length  stated  above  for  cylindrical-wave  reci¬ 
procity  is  based  on  the  radiation  lopedanoe  of  a  line  element  of  a  square  piston  that 
would  produce  a  cylindrical  wave  without  divergence  at  the  ends  of  the  line  in  a 
plane  containing  the  line. 

The  relation  between  near-field  tranamitting  response  and  its  reciprocity  parmeter 
and  that  between  the  far-field  tranasiltting  response  and  the  spherical-wave  reci¬ 
procity  parameter  can  be  used  to  cospute  the  near-fleld  tranamitting  reqponae  and 
ftme-fleld  receiving  sensitivity  from  near-field  data. 

Far-field  directivity  can  also  be  calculated  ftom  neaivfield  data. 

THEORY 


f 
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A  probe  or  line  transducer  can  be  used  to  scan  in  detail  the  near  sound  field  pres¬ 
sure  of  a  piston  transducer  over  a  plane  aperture.  The  measuring  line  transducer 
cn  be  used  to  integrate,  in  one  coordinate,  to  obtain  the  average  pressure  along  its 
length.  The  measuring  line  transducer  is  then  moved  at  right  angles  to  its  length  to 
scan  the  near  field  of  the  piston  transducer.  The  output  voltage  and  relative  phases 
of  the  masuring  line  transducer  as  a  fuiction  of  position  can  be  used  to  obtain  a 
line  source  equivalent  to  the  piston  transducer  in  any  desired  plane  of  directivity. 


i. 


1 


Ibe  Aree-fleld  volta^  aenaltlvltiy  of  the  piston  transducer  la  related  to  its 
near-fleld  plane-wave  transmitting  current  reqionse  and  Its  far-fleld  transmitting 
reqponse  by  the  plane-wave  reciprocity  parameter  and  the  qpherleal-wave  f«clproclty 
parameter,  reqwctlvely: 

Up  -  Spla)Jp(a )  =  Sgp{d)Jgld).  (1) 

The  near-fleld  transmitting  current  response  Is  the  anrerage  pressure  over  the 
plane  ^erture  of  aw/a  A  In  the  near  field  divided  by  the  current  Ip  driving  the 

piston  transducer  vhose  active  face  also  has  an  area  A,  The  average  pressure  Is 
obtained  f^on  the  ft*ee-fleld  voltage  sensitivity  of  the  probe  or  the  unshaded  meas¬ 
uring  line  transducer  Hp  and  the  Integration  of  the  open-circuit  rms  voltage  Ep  of 

the  probe  or  line  as  a  function  of  the  position  In  the  plane  aperture  at  the  distance 
a  froa  the  piston  transducer.  The  voltage  and  Its  phase  </'  relative  to  the  ctirrent  Ip 
are  measured. 


Sp{a)  =  fEpe-^'^  dA/IpMpA,  a  <  A/k.  (2) 

The  spherical-wave  far-fleld  transmitting  current  response  fhom  equations  ( 1 ) 
and  (2)  Is 


Sgp(d)  -  Sp{a)jpla)/j£{d) 

jEpe~*'^  dA  %A  pc 
I pMpA  pc  Zdk 

jEpe-*^  dA  1 

IpMp  dk  (3) 

The  ratio  Ep/Ip  -  ±Ep/Ip  Is  the  transfer  Impedance  between  the  piston  transducer 

■id  the  measuring  probe  or  line  transducer  fbr  each  and  every  point  In  the  plane 
aperture.  For  a  transducer  eonblnatlon  In  vhlch  the  electronechanlcad  eoi^ling  la 
electroetatlc  In  one  and  electromagnetic  In  the  other,  the  negative  sign  applies. 

Thus,  except  for  a  possible  change  In  sign, 
jEpe-*'^  dA  jEpe-*'f>  dA 
Ip 

Frca  equations  (1),  (3),  and  (4), 

jEpe-*'!’ dA  1  15) 

Up  =  -  —  ' 

IpSp  dk 


i 

-  j 
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where  Sj>  le  the  (q>herlcal-wave  faru  field  transmitting  current  response  of  the  probe 
or  line  transducer  at  the  reference  distance  d. 

Thus,  by  means  of  voltage  and  current  measurements  obtained  In  the  near  field 
over  a  plane  aperture  and  the  f^-fleld  voltage  sensitivity  of  the  measuring  probe 
or  line  transdxioer,  the  apherleal-wave  fax^-fleld  transmitting  current  response  of  a 
piston  transducer  can  be'  obtained.  Similar  measurements  with  the  spherical-wave 
far-field  transmitting  current  response  of  the  probe  or  line  transducer  will  yield 
the  ftee-field  voltage  sensitivity  of  a  piston  transducer. 

The  free-field  voltage  sensitivity  of  a  line  transducer  la  related  to  Its  near- 
fleld  cylindrical-wave  tranmlttlng  current  response  and  far-fleld  transmitting 
current  re^nse  by  the  cylindrical  and  qpherlcal-wave  reciprocity  paraaieters, 
irespectively: 


h  = 

S^L^d)J^{d ). 

(0) 

!  argument  as  before, 

dx  lak)^ 

—  - 

(7) 

IlMf 

dk 

0  dx 

(o\)* 

(B) 

h  =  ■ 

IjSf 

dk 

Reference  I2l  gives  the  limits  for  the  measuring  distance  a  as 
3  <  Ao  <  2w(iA)2. 


The  same  procedure  can  be  used  to  derive  the  A^ee-fleld  current  sensitivity  and 
far-field  transmitting  voltage  response,  or  these  can  be  obtained  Aron  the  given 
equations  together  with  the  transducer  Is^edanoe. 


COMPUTATION  OF  DATA 


The  piston  transducer  can  be  resolved  into  an  equivalent  line  source  In  the  plane 
for  which  the  directivity  Is  desired.  The  Integration  normal  to  this  line  In  a 
plane  parallel  to  the  face  of  the  piston  can  be  performed  by  measuring  In  the  pine 
with  a  line  transducer.  The  expression  for  confuting  the  directivity  of  a  piston 
or  a  line  transducer  has  been  derived  many  times  ( see,  for  exie|>le,  reference  U] ) 
and  can  be  expressed  in  terms  of  the  open-circuit  voltage  output  of  a  probe  hydra- 
phone  In  the  near  field  of  a  line  transducer,  or  the  open-circuit  voltage  of  a  Hn* 
hydrophone  In  the  near  field  of  a  piston,  together  with  the  phase  of  the  voltage 
referred  to  the  phase  of  the  measured  transducer's  driving  current  or  voltage. 

Let  E{x)  be  the  voltage,  the  phase  (leading  phase  Is  positive),  and  i  the  length 
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of  trwwrse  of  the  gwafurlag  tmisduoer;  then  the  directivity  Is  given  by 


=  (1/2L)  jl  (1  +  eoa  ^)€-*f**  *  +  '^(*^hlx)dx.  («) 

Pl<^0) 

If  the  aowd  energy  flow  Is  not  noimal  to  the  plane  ^erture  but  la  a  parallel  flux 
(plane  wave),  then  the  factor  1  In  e(jaatlon  (9)  la  r^laoed  by  the  cos  d,  where  0  Is 
the  angle  between  the  normal  to  the  aperture  and  the  flux.  Ihus,  for  a  transducer 
producing  a  depressed  bean,  the  plane  scanned  In  the  near  field  can  be  the  plane  of 
the  piston,  and  a  correction'  coa  0  Inserted  Instead  of  1.  This  correction  is  a 
potentiometer  adjustment  in  the  Model  CF'4  Tburier  Integral  Ccoputer. 


APPLICATION  OF  CF4  FOURIER  1;NTEGRAL  COMPUTER  TO  THE  PROBLEM 


The  CF4  Fourier  Integral  Ooe^uter  conputes  and  plots  directivity  in  the  far  field 
of  a  source  fircm  near-field  data.  The  directivity  is  United  to  00  degrees  on  each 
side  of  the  bean  axis,  or  a  total  of  120  degrees. 

If  a  probe  hydKphone  is  used  to  measure  the  near  field  in  a  plane  aperture  of  a 
piston  transducer,  the  voltage  output  of  the  probe  and  its  phase  is  a  function  of 
two  coordinates  x  and  y.  The  dart.a  are  plotted  in  volts  Ely)  and  in  degrees  </'(y), 
for  each  value  of  x.  The  voltage  oust  cone  to  zero  at  both  ends  of  the  graph.  The 
plots  of  Ely)  and  *ply)  are  restricted  to  a  10  by  10  inch  area  by  the  size  of  the 
curve  reader  drums  to  artjlch  they  are  attached.  The  coeputer  integrates  Ely),  'ply) 
for  a  value  of  x  in  eight  seconds.  From  this  cceputation,  a  plot  is  made  of  Elx) 
and  plx),  the  integrated  value  in  volts  and  its  i^ase  in  degrees  as  read  on  the  com¬ 
puter's  oscillosecpe.  When  a  line  hydrojtone  is  used  to  perform  the  y-azls  inte¬ 
gration  or  when  a  probe  hydrophona  scans  the  line  aperture  of  a  line  transducer,  the 
operation  Just  described  is  eliminated. 

The  plot  of  Elx)  in  volts  is  inserted  in  the  \pper  curve  reader,  and  the  plot  of 
^x)  is  inserted  in  the  lower  curve  reader.  The  cosputed  directivity  is  plotted  In 
decibels  by  a  strip  chart  recorder  in  terms  of  a  ccs^uter  u  scale.  The  u  scale  is 
proportional  to  sin  0,  where  0  is  the  angle  between  the  direction  and  the  beam  axis. 
Two  adjustawnts,  a  phase  argunsnt  switch  and  a  potentiometer,  establish  the  u  scale 
of  the  coaputer  for  a  particular  plot  of  Elx)  and  0|x).  The  two  a^ustnents  are 

and  *21  where  ikj^  is  a  potentiometer  scale  reading,  and  *3  •  phase  argument  switch 

with  positions  *  =  1,2,4  such  that  *3  ~  ***  “  eauation  ia 

=  ltm/\)  sin  0.  The  10-lneh  drum  length  is  equivalent  to  n  Indies  in  treverse 

of  the  probe  or  line  transducer  in  the  near  field;  A  is  the  wanrelength  of  the  sound; 
0  is  the  aximuth  angle  of  the  coeputed  directivity.  The  (1  +  coa  0)  term  in  e(via- 
tion  (9)  is  fixed  with  relaUon  to  the  u  scale  such  that  for  w  =  10,  the  azimuth 
angle  0  =  00^.  Thus 

ikj^*2(10)  =  Inn/K)  sin  80®  =  (n7rA)(>r3/2) 


4 


•ad 


(nwA)  (>f^/2) 

*1  ~  =  'Ti  n/iOniX.. 

10(«7r/2) 

In  an  ezanple,  •  30-ladi  scan  vtaa  plotted  on  the  10-lnch  drum  length,  or  n  ~  30. 
At  12.8  kc,  the  wanrelength  \  =  4.43  Indies.  Ihe  phase  argument  swltdi  was  set 
at  m  =  1.  Ihus,  the  potentiometer  must  be  set  at 

>13(30) 

=  -  =  1.17. 

10(1)(4.43) 

Ihe  computed  directivity  is  then  transcribed  fVon  the  strip  chart  in 
azimuth  angles  by  the  proportion 


4>  -  sin“^  [(tt/10)  sin  60®]  =  sin~^(tt'f3/20) . 

One  unit  of  the  u  scale  is  2  inches  on  the  strip  chart.  A  polar  recorder  can  be 
obtained  for  plotting  the  level  in  decibels  as  a  fVinction  of  azimuth  angle  directly 
fVcm  the  eoaqputer. 

To  coeqinite  the  transmitting  current  release  or  fi*ee-field  voltage  sensitivity  of 
a  transducer  by  means  of  the  coeputer  and  equations  (3),  (5),  (7),  and  (6),  the 
integrated  level  for  ^  =  0  must  be  referred  to  the  level  Integrated  by  the  computer 
fbr  an  ideal  reference  transducer  producing  a  censtant  amplitude  and  phase  over  its 
apertvire  in  the  near  field.  If,  in  equation  (5),  the  voltage  Ep  -  E^,  a  constant, 

and  <//  -  0,  the  ft'ee- field  voltage  sensitivity  Mp  of  the  ideal  transducer  (a 
piston  transducer  scanned  with  a  line  transducer  of  lexigth  L  over  a  scan  of  length 

n  is 


h  rtf  ^ 


E^A  1 

IfSip  dK 


A  =  LI 


\ 


Mp  = 


E^  A 


fiEplx)e'*'^^*^  dx 


where  Mp  is  in  volts  per  fJbv,  Sp  is  in  A*bars  per  mipere,  E^  is  in  volts,  and  If  is 
in  amperes.  The  difference  in  decibels  between  the  two  Integrals  is  obtained  from 


\ 
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the  oovuter  strip  chart  recorder  for  0  =  0**. 
Sinilarly,  ftw  eolation  (3) 


A  Jo  dx 

S^(d)  -  -  —  ■ 

Ip"!  /o  ^ 


For  a  Iloe  traoeducer  acatmed  with  a  probe  tnuaaducer  over  a  epaa  of  length  L,  from 
eqaatlon  (8), 


HaK)i  jlEj^lx)e-*'P^*^  dx 
Ml  - - -  — 

IjSt  dk 

and  fkrcBi  eauation  (7), 

i(a\)*  it  dx 

E^ld)  =  - - — - - 

hUT  Jo 

DATA  RBqUISBD 

The  near  field  data  reqplred  Ibr  calibration  of  piston  and  line  transducers  are 
as  fbllows. 

Platon  Transducer 

1.  !Ihe  area  scaowd  (length  of  line  transducer  tlaes  length  of  son). 

2.  Bie  open>olrcult  voltage  (receiving)  of  the  piston  sod  the  phase  as  ftmetlons 
of  position  of  the  line  transducer  scanning  the  near  field  of  the  piston. 

3.  The  driving  current  through  the  line  transducer. 

4.  The  trananlttlng  current  response  of  the  line  transducer. 

5.  The  vravelength  of  sound  In  the  nediw. 

6.  The  ftepueney. 

The  open-circuit  voltage,  phase,  and  ftee-fleld  voltage  sensitivity  of  the  line 
transducer  and  the  piston  transducer's  driving  current  can  replace  Iteaa  2,  3,  and 
4  for  tragosatlttlng  reaponse. 

The  distance  teaa  the  face  of  the  piston  to  the  scaamlng  plane  need  not  be  known, 
but  Bust  be  less  than  A/k,  idiera  A  Is  the  area  of  the  piston  source. 
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Lin*  Traniduetr 

1.  Ohe  length  of  the  axis  aeaoned. 

2.  Ihe  open-olrouit  voltage  nd  phase  of  the  line  transducer  as  a  Hinotlon  o{ 
the  probe  position. 

3.  Ihe  current  driving  the  probe. 

4.  The  transmitting  current  response  of  the  probe  transducer. 

5.  The  wavelength  of  sound  in  the  medium. 

6.  The  freopency. 

The  open-circuit  voltage,  phase,  and  A>ee-field  voltage  sensitivity  of  tiie  proV 
transducer  and  the  line  transducer's  driving  current  can  replace  items  2,  3,  and  4 
for  transmitting  response. 

The  distance  a  from  the  center  axis  of  the  line  transducer  to  the  traverse  axi| 
of  the  probe  transducer  must  satisfy  the  relation  3  <  /kc  <  2Tr(Z,/\)2. 

If  a  line  transdiicer  is  used  to  scan  the  near  field  of  a  piston,  the  line  must 
be  of  sufficient  length  that  the  sound  pressure  is  dovoi  SO  db  at  the  ends  relative 
to  the  sound  pressure  at  the  center  of  the  line.  The  line  transducer  Blast  be  un> 
sheded  and  continuous.  Ihere  should  be  no  standing  waves  between  the  piston  and  tht 
line,  and  no  electrical  cross-talk. 

Reference  [s]  shows  the  degree  of  uniformity  obtainable  f^cm  an  array  of  piston 
elements  forming  a  line  transducer.  Ibis  report  also  shows  phsse  measurements  on  a 
steered  arr^  and  explains  by  Figure  d  how  ]^ase  measurements  can  be  used  to  deter¬ 
mine  the  correction  fbr  a  depressed  beam  as  discussed  under  "Data  Ccmputation”. 
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